Papaya is an important tropical fruit with a rich source of carotenoids. The ripening of papaya is a physiological and metabolic process with remarkable changes including accumulation of carotenoids, which depends primarily on the action of ethylene. Ethylene response is mediated by a transcriptional cascade involving the transcription factor families of EIN3/EILs and ERFs. Although ERF members have been reported to control carotenoid production in Arabidopsis and tomato, whether EIN3/EILs are also involved in carotenoid biosynthesis during fruit ripening remains unclear. In this work, two EIN3 genes from papaya fruit, namely CpEIN3a and CpEIN3b, were studied, of which CpEIN3a was increased during fruit ripening, concomitant with the increase of transcripts of carotenoid biosynthesisrelated genes including CpPDS2/4, CpZDS, CpLCY-e and CpCHY-b, and carotenoid content. Electrophoretic mobility shift assays (EMSAs) and transient expression analyses revealed that CpEIN3a was able to bind to the promoters of CpPDS4 and CpCHY-b, and promoted their transcription. Protein-protein interaction assays indicated that CpEIN3a physically interacted with another transcription factor CpNAC2, which acted as a transcriptional activator of CpPDS2/4, CpZDS, CpLCY-e and CpCHY-b by directly binding to their promoters. More importantly, the transcriptional activation abilities of CpPDS2/4, CpLCY-e and CpCHY-b were more pronounced following their interaction. Collectively, our findings suggest that CpEIN3a interacts with CpNAC2 and, individually or co-operatively, activates the transcription of a subset of carotenoid biosynthesisrelated genes, providing new insights into the regulatory networks of carotenoid biosynthesis during papaya fruit ripening.
Introduction
Carotenoids constitute an abundant and widespread group of pigments with >750 members (Nisar et al. 2015) , which are important for human health. They are the primary source of vitamin A (Lu and Li 2008) and biologically significant antioxidants (Stahl and Sies 2003) , which are known to reduce cardiovascular diseases (Fraser and Bramley 2004) . Moreover, they play a major role in plants, not only acting as photoprotectors for plants to adjust to high light stress, but also making flowers and fruits with various colors to attract insects and animals for pollination and seed dispersal (Lu and Li 2008) .
In higher plants, the production of carotenoids is regulated by a series of genes and/or proteins involved in the carotenoid biosynthetic pathway at transcriptional and translational levels (Nisar et al. 2015 , Yuan et al. 2015 . In this pathway, the first carotenoid, phytoene, is synthesized in the plastids by condensing two molecules of geranylgeranyl diphosphate (GGPP) by phytoene synthase (PSY). Phytoene is then converted into lycopene by the action of phytoene desaturase (PDS) and z-carotene desaturase (ZDS). Lycopene is the precursor for two biochemical pathways, one leading to lutein via a-carotene and the other to violaxanthin via b-carotene through the action of lycopene b-cyclase (b-LCY), lycopene e-cyclase (e-LCY), b-carotene hydroxylase (b-CHY), e-carotene hydroxylase (e-CHY), zeaxanthin epoxidase (ZEP), and so on (Nisar et al. 2015 , Yuan et al. 2015 . Many carotenoid biosynthesis-related genes have been studied in various plants, such as Arabidopsis, tomato and strawberry (Scolnik et al. 1993 , Pecker et al. 1996 , Zhu et al. 2015 . In papaya, genes related to carotenoid biosynthesis were also identified, including phytoene desaturase (CpPDS), -carotene desaturase (CpZDS), lycopene -cyclase (CpLCY-B), lycopene e-cyclases (CpLCY-E), -carotene hydroxylase (CHY-B) and carotenoid cleavage dioxygenase (CpCCD) (Blas et al. 2010 , Devitt et al. 2010 , Jing et al. 2015 . Our previous study demonstrated that the expression of CpPDS2/4 was up-regulated during papaya ripening , which was in good agreement with the levels of CpZDS, CpLCY-e and CpCHY-b and the elevated content of carotenoids during papaya fruit development and ripening (Blas et al. 2010) . Recently transcription factors (TFs) were found to act as activators or repressors of carotenoid biosynthesis-related genes, thus activating or repressing carotenoid accumulation. For example, the phytochrome-interacting factor (PIF) family from Arabidopsis and tomato down-regulated carotenoid accumulation by specifically repressing the PSY gene (Toledo-Ortiz et al. 2010 , Llorente et al. 2016 , while tomato MADS-box family TFs such as RIN and FUL1/TDR4 are positive regulators of tomato ripening, which regulate carotenoid biosynthesis via directly binding to PSY1 and PDS1 promoters , Fujisawa et al. 2014 . Other TFs such as NACs are also reported to be involved in regulating fruit carotenoid biosynthesis (Ma et al. 2014 . Previously, we found that papaya CpNAC1 functions as a positive regulator of carotenoid accumulation by promoting CpPDS2/4 transcription via directly binding to their promoters . It should be pointed out that fruit ripening and/or ethylene action affect the accumulation of carotenoids. Ethylene regulates fruit ripening by orchestrating a transcriptional cascade of ethylene-responsive genes including TF families of EIN3/EILs and ethylene response factors (ERFs). The involvement of ERFs in caroteniod formation has been reported. In Arabidopsis, RAP2.2 (a kind of ERF) binds directly to the PSY promoter to alter carotenoid biosynthesis (Welsch et al. 2007 ). Reduced expression of other ERF members such as SlAP2a and SlERF6 resulted in an enhanced level of carotenoid and ethylene production in tomato fruit, demonstrating SlAP2a and SlERF6 as negative regulators of carotenoid production (Chung et al. 2010 , Karlova et al. 2011 , Lee et al. 2012 . However, whether other TFs in the ethylene signaling pathway such as EIN3/EILs and/or their interaction networks are also associated with caroteniod biosynthesis still remains largely unknown.
Papaya (Carica papaya L.) is an important commercial fruit cultivated in tropical and subtropical areas, with high nutritional components such as pro-vitamin A and ascorbic acid (Fabi et al. 2012) . As a typical climacteric fruit, the ripening of papaya fruit is triggered by ethylene, which results in obvious changes of the color, texture, aroma and flavor. Among these changes, the papaya flesh color is an important index criterion of fruit ripening and nutritional quality due to the composition of carotenoids, with mainly lycopene in ripe red-fleshed cultivars and primarily b-carotenoids in ripe yellow-fleshed fruits (Blas et al. 2010) . Previous investigations indicated that some red-fleshed cultivars of papaya are attributed to a recessive loss-of-function mutation in the coding region of CYC-b, a gene encoding the critical enzyme responsible for the conversion of lycopene to b-carotene (Blas et al. 2010 , Devitt et al. 2010 , implying that regulation of genes involved in carotenoid biosynthesis could be a useful strategy for cultivar improvement. In addition, post-harvest practices such as low temperature storage and ethylene treatment also affect the total carotenoid accumulation of papaya fruit (Fabi et al. 2007 , Rivera-Pastrana et al. 2010 . As fruit flesh color is a target trait for papaya improvement, studying the regulatory mechanisms of carotenoid biosynthesis can help provide potential utilization of molecular breeding for improving fruit color and quality traits.
In this study, we reported two TFs, namely CpEIN3a and CpNAC2, which were involved in regulating carotenoid biosynthesis-related genes during papaya fruit ripening. Expression of CpEIN3a and CpNAC2 was increased as fruit ripening and carotenoid accumulation progressed. Electrophoretic mobility shift assays (EMSAs) and dual-luciferase transient expression assays demonstrated that CpEIN3a directly bound to CpPDS4 and CpCHY-b promoters and promoted their transcription, while CpNAC2 directly bound to and activated the promoters of CpPDS2/4, CpZDS, CpLCY-e and CpCHY-b. Interestingly, protein-protein interaction assays revealed that CpEIN3a physically interacted with CpNAC2, suggesting that CpEIN3a and CpNAC2 may act together to regulate carotenoid biosynthesis-related genes during fruit ripening.
Results
Expression of carotenoid biosynthesis-related genes, CpEIN3a, CpEIN3b and CpNAC2, during papaya fruit ripening
The physiological data associated with the fruit ripening process including peel color, ethylene production, pulp firmness and total carotenoid content in papaya under natural ripening and propylene-induced ripening have been described in our previous study . Five carotenoid biosynthesisrelated genes, CpPDS2/4, CpZDS, CpLCY-e and CpCHY-b (Blas et al. 2010 , and two EIN3 genes, CpEIN3a and CpEIN3b, (Zou et al. 2014 ) have been identified. To investigate the expression pattern of these genes in papaya fruit flesh during natural and propylene-induced ripening, quantitative real-time PCR (qRT-PCR) assays were performed. The results showed that CpPDS2/4, CpZDS, CpLCY-e and CpCHY-b were all up-regulated during ripening, with CpLCY-e showing the highest level of accumulation among these genes (Fig. 1A) . Similarly, the transcript of CpEIN3a was also increased significantly following the ripening process, which is well correlated with carotenoid accumulation, whereas the accumulation of CpEIN3b changed slightly in response to ethylene (Fig. 1B) , suggesting that CpEIN3b might be regulated in other ways. Another TF, CpNAC2 ( Supplementary Fig. S1 ), with an elevated expression level during the ripening stage according to our RNA-Seq database related to papaya fruit ripening , was also increased along with the progression of ripening of papaya fruit (Fig. 1B) . Therefore it seems that the accumulation of carotenoids during papaya fruit ripening might be due to the higher transcript levels of carotenoid biosynthesis-related genes CpPDS2/4, CpZDS, CpLCY-e and CpCHYb and transcriptional regulators CpEIN3a and CpNAC2.
CpEIN3a and CpNAC2 bind in vitro to the promoters of carotenoid biosynthesis-related genes As the expression pattern of CpEIN3a and CpNAC2 was well correlated with carotenoid accumulation during papaya ripening, they were selected for further investigation. Previous studies reveal that EIN3 proteins bind directly to PERE (primary ethylene response element) motifs (Solano et al. 1998) , and NAC TFs specifically bind to NACBS (NAC-binding site) motifs (Olsen et al. 2005 , Kjaersgaard et al. 2011 . To obtain the potential targets of CpEIN3a and CpNAC2 among these carotenoid biosynthesis-related genes, their promoter sequences were scanned for PERE and NACBS motifs. Results showed that several PERE motifs were found in the promoter regions of CpPDS4 and CpCHY-b, and putative NACBS motifs (CGTG/A) were included in CpPDS2/4, CpZDS, CpLCY-e and CpCHY-b promoters (Supplementary Text S1), implying that CpPDS4 and CpCHY-b might be direct targets of CpEIN3a, while CpPDS2/4, CpZDS, CpLCY-e and CpCHY-b might be regulated by NAC TFs. In vitro EMSAs were used to test the binding of CpEIN3a and CpNAC2 to these PERE-and NACBScontaining promoters. First, recombinant proteins of CpEIN3a and CpNAC2 that were fused with a glutathione S-transferase (GST) tag were induced and affinity purified ( Supplementary  Fig. S2 ). As shown in Fig. 2 , a band shift was observed when the recombinant GST-CpEIN3a protein was incubated with the biotin-labeled probes containing the PERE cis-element derived from CpPDS4 and CpCHY-b promoters. Formation of DNAprotein complexes was mostly abolished by raising the amount of the corresponding unlabeled probes, especially at the higher competitor concentration (Fig. 2) . Similarly, we also detected that CpNAC2 bound directly to the NACBS motifs in the CpPDS2/4, CpZDS, CpLCY-e and CpCHY-b promoters, respectively (Fig. 3) . Together, these results indicate that CpEIN3a binds to CpPDS4 and CpCHY-b promoters, and CpNAC2 directly binds to the promoter regions of CpPDS2/4, CpZDS, CpLCY-e and CpCHY-b in vitro.
CpEIN3a acts co-operatively with CpNAC2 to activate carotenoid biosynthetic genes
To investigate the transcriptional activities of CpEIN3a and CpNAC2 in vivo, dual-luciferase transient expression assays in Nicotiana benthamiana leaves were performed. As shown in Since both CpEIN3a and CpNAC2 are transcriptional activators, we ascertained whether they had combinatory effects on the regulation of carotenoid biosynthesis-related genes. For this assay, CpPDS2/4, CpZDS, CpLCY-e and CpCHY-b promoterdriven LUC were used as the reporter constructs, while the effector plasmids contained CpEIN3a or CpNAC2 (Fig. 5A) . As shown in Fig. 5B , the LUC/REN ratio was noticeably increased when the CpPDS4, CpLCY-e or CpCHY-b pro-LUC reporter was co-transfected with CpEIN3a or when the CpPDS2/4 Fig. 2 EMSA of the binding of CpEIN3a to the promoters of CpPDS4 and CpCHY-b. The GST or recombinant GST-CpEIN3a (amino acids 164-291) protein was incubated with probes containing PEREs derived from the promoters of CpPDS4 (A) and CpCHY-b (B). Competition for GST-CpEIN3a binding was performed with unlabeled probes containing the wild-type PERE or mutated PERE (GGGGGGGG), respectively. -and + represent absence or presence, respectively, and +++ indicates increasing amounts of probes. Fig. 3 EMSA of the binding of CpNAC2 to the promoters of CpPDS2/4, CpZDS, CpLCY-e and CpCHY-b. The GST or GST-CpNAC2 protein was incubated with probes containing the NACBS motifs derived from the promoters of CpPDS2 (A), CpPDS4 (B), CpZDS (C), CpLCY-e (D) and CpCHY-b (E). À and + represent absence or presence, respectively, and ++ or +++ show increasing amounts of unlabeled probes for competition.
CpLCY-e or CpCHY-b pro-LUC reporter construct was co-transfected with CpNAC2, compared with the control that was cotransfected with only the pBD construct. The LUC/REN ratio changed slightly when the CpZDS pro-LUC reporter construct was co-transfected with CpEIN3a or CpNAC2 (data not shown). It is interesting to note that CpEIN3a can activate the transcription of CpLCY-e, but no PERE motif was found in its promoter, suggesting unknown effective motifs or regions present in the CpLCY-e promoter, and this needs to be further analyzed. More interestingly, when the CpPDS2/4, CpLCY-e or CpCHY-b pro-LUC construct was co-transformed with CpEIN3a and CpNAC2, the LUC/REN ratio was generally more strongly induced, especially for CpLCY-e pro-LUC, which showed a higher relative LUC/REN ratio than the combined values observed with CpEIN3a or CpNAC2 alone (Fig. 5B) , signifying the synergistic effect of CpEIN3a and CpNAC2 on CpLYC-e transcription. Collectively, these data suggest that CpEIN3a and CpNAC2 can individually and co-operatively activate carotenoid biosynthesis-related genes during papaya fruit ripening.
CpEIN3a interacts with CpNAC2
CpEIN3a and CpNAC2 synergistically affect the transcription of CpLYC-e, which may be due to their physical interaction to form a protein complex. To verify their possible protein interaction, a yeast two-hybrid (Y2H) assay was first carried out. As CpEIN3a exhibited autoactivation in the Y2H system ( Supplementary Fig. S3 ), it was thus fused with the GAL4 activation domain. As shown in Fig. 6A , yeast cells co-transformed with the positive control (pGBKT7-53 + pGADT7-T) or pGBKT7-CpNAC2 with pGADT7-CpEIN3a, could grow on SD selection medium without Leu, Trp, Ade and His (SD/-Leu-TrpHis-Ade) and turn blue in the presence of X-a-Gal. However, the negative controls, including pGBKT7-CpNAC1 with pGADT7-CpEIN3a or pGADT7-CpEIN3b, pGBKT7-CpNAC2 with pGADT7-CpEIN3b, pGBKT7-CpNAC1 or pGBKT7-CpNAC2 with pGADT7, and pGBKT7 with pGADT7-CpEIN3a or pGADT7-CpEIN3b, could not grow on the selective medium and turn blue under the same conditions (Fig. 6A) .
We next adopted a bimolecular fluorescence complementation (BiFC) assay to validate the direct interaction between CpEIN3a and CpNAC2 in plant cells. Prior to the BiFC analyses, the subcellular localization of CpEIN3a and CpNAC2 was analyzed. The full-length coding sequences of CpEIN3a and CpNAC2 were fused in-frame with the GFP (green fluorescent protein) gene. Transient expression of these constructs in tobacco BY-2 protoplasts showed that the fluorescence of CpEIN3a and CpNAC2 was localized exclusively in the nucleus, whereas that of the GFP control was distributed in the whole cell ( Supplementary Fig. S4 ). For BiFC assays, a robust yellow fluorescent protein (YFP) fluorescent signal was detected in the nucleus of BY-2 cells which expressed CpEIN3a-YCE and CpNAC2-YNE, whereas no YFP fluorescent signal was observed either in the cells which expressed CpNAC2-YNE with only the YCE or in those which expressed CpEIN3a-YCE with only the YNE (Fig. 6B) . Similar results were also observed when The transcription activation ability of CpEIN3a and CpNAC2 is indicated by the LUC/REN ratio. The pBD that expressed the GAL4 DNAbinding domain alone was used as a negative control, while the pBD-VP16 which expressed the GAL4 DNA-binding domain fused to the herpes simplex virus protein VP16 was used as a positive control. Each value is the mean ± SE of six biological repeats. ** represents significant differences at the 1% level (Student's t-test).
CpEIN3a-YNE was co-transfected with CpNAC2-YCE (Fig. 6B) . Together, these data clearly demonstrate the direct protein interaction between CpEIN3a and CpNAC2.
Discussion
Carotenoids are very important in papaya fruits, contributing not only to flesh color, but also to the nutrition of the fruits. Red-fleshed papayas have high amounts of lycopene which possesses antioxidant properties, while yellow-fleshed papayas contain large amounts of b-carotenoids that are precursors of pro-vitamin A. Carotenoid metabolism in fruits is a highly complex process, which is regulated by external and internal factors, including developmental stage, environmental cues such as light and temperature, as well as the expression of genes and/ or proteins involved in carotenoid biosynthesis and the degradation pathway. For example, tomatoes may develop poor color when exposed to direct sunlight in the field or temperatures above 30 C, mainly due to the facts that high temperature inhibits the synthesis of lycopene and that sunlight maintains high levels of PIFs which in turn directly repress the genes of the fruit carotenoid pathway (Dumas et al. 2003 , Llorente et al. 2016 . In contrast, fruit shading enhanced carotenoid accumulation in red grapefruit, with a 49-fold higher lycopene level in shaded fruits than in light-exposed fruits (Lado et al. 2015) . Recently, regulation of carotenogenic genes has been found to influence carotenoid accumulation. For example, in peach fruit, expression of carotenoid metabolic genes was increased during fruit development, which was in line with the accumulation of the total carotenoids (Cao et al. 2017) . Our previous study suggested that CpPDS2 and CpPDS4 transcripts were gradually enhanced along with ripening of papaya fruits paralleling the carotenoid production . Similarly, in the current work, we found that expression of other carotenoid biosynthesis-related genes CpZDS, CpLCY-e and CpCHY-b was up-regulated during both natural and propylene-induced ripening of papaya fruits (Fig. 1) . Besides environmental conditions and fruit ripening, factors such as transcriptional regulation, membrane association, suborganelle localization, amino acid sequence, protein-protein interaction and cofactors can also affect expression of genes involved in carotenoid metabolism (Yuan et al. 2015) . The transcriptional regulation of carotenoid biosynthesisrelated genes mediated by TFs is an important mechanism that contributes to the accumulation of carotenoids. For example, in Mimulus lewisii flowers, loss-of-function mutations in Reduced Carotenoid Pigmentation 1 (RCP1), encoding an R2R3-MYB TF, causes down-regulation of all carotenoid biosynthetic genes and a reduced carotenoid level, while overexpression of this gene in the mutant background restores carotenoid production, demonstrating RCP1 as a positive regulator of carotenoid biosynthesis (Sagawa et al. 2016) . In tomato, ectopic expression of the brassinosteroid (BR) response TF brassinazole resistant 1 (BZR1) led to elevated carotenoid accumulation and nutritional quality (Liu et al. 2014) , also indicating TFs as an important node in regulating carotenoid production. Another TF in tomato, RIN, regulates fruit ripening and carotenoid accumulation via activation of a subset of carotenoid biosynthesis-related genes, including PSY1, PSY2, ZDS, Z-ISO and CRTISO, and repression of CrtL-b and CrtL-e . Moreover, the carotenoid accumulation is affected by fruit ripening and ethylene, as was reported in tomato (Lee et al. 2012) , citrus (Zhou et al. 2010 ) and apricot (Kita et al. 2007 ). Ethylene perception and response are mediated by a set of signal transduction components including TF families of EIN3/EILs and ERFs. Although studies had revealed that ERFtype TFs were involved in controlling carotenoid biosynthesis such as RAP2.4 in Arabidopsis (Welsch et al. 2007) , and SlAP2a and SlERF6 in tomato (Chung et al. 2010 , Karlova et al. 2011 et al. 2012), little is known about the possible roles of EIN3/EILs in carotenoid formation. In this work, two EIN3 genes were characterized, of which CpEIN3a was increased continuously in both natural ripening and propylene-induced ripening with the concomitant increment of carotenoid accumulation, whereas the accumulation of CpEIN3b was slightly induced in response to propylene (Fig. 1) . More importantly, CpEIN3a could directly bind to PERE motifs of CpPDS4 and CHY-b promoters and regulate carotenoid accumulation during papaya fruit ripening through transcriptional activation of CpPDS4, CpCHY-b and CpLCY-e promoters (Figs. 2, 5) . This is the first report that an EIN3 TF, CpEIN3a, could be involved in regulating carotenoid biosynthesis-related genes.
In our previous study, CpNAC1 was reported to be associated with carotenoid accumulation at least partially by activating CpPDS2/4 genes . In this study, another NAC TF gene, CpNAC2, was increased during both natural and propylene-induced ripening in papaya (Fig. 1) , which correlated well with the increased content of carotenoids during papaya ripening . Moreover, CpNAC2 exhibited transcriptional activation activity and directly binds to the promoters of CpPDS2/4, CpZDS, CpLCY-e and CpCHY-b in vitro (Fig. 3) . Transient expression assays revealed transcriptional activation of CpPDS2/4, CpLCY-e and CpCHY-b by CpNAC2 (Fig. 5B) . Overall, these results reveal that CpNAC2 may be related to carotenoid accumulation during papaya fruit ripening through activating the transcriptional activity of a specific set of carotenoid biosynthesis-related genes.
Interaction between TFs plays an important role in mediating various biological processes. For example, SlNAC4 physically interacted with both RIN and NOR proteins, and positively regulated tomato fruit ripening and carotenoid accumulation . Similarly, ANAC096 and ABF2 through their physical interactions activated transcription of a subset of stress-inducible genes, contributing to enhanced resistance to dehydration stress (Xu et al. 2013 ). Our previous studies have shown that MaNAC1 and MaNAC2 directly interacted MaEIL5 to be involved in regulating banana ripening (Shan et al. 2012) , and that MaNAC5 could interact with MaWRKY1 and MaWRKY2, individually or co-operatively activated the transcriptional activities of pathogenesis-related (PR) genes (Shan et al. 2016) . In the present work, Y2H and BiFC assays showed direct physical interaction between CpEIN3a and CpNAC2 (Fig.  6) . In addition, we also found that both CpEIN3a and CpNAC2 could act co-operatively in regulating the expression of carotenoid biosynthesis-related genes (CpPDS2/4, CpLCY-e and CpCHY-b) during papaya fruit ripening (Fig. 5B) . Based on these results, it is suggested that accumulation of papaya caroteniods is regulated not only by individual TFs, but also by a complex interaction network among various TFs. Aside from the interaction between CpEIN3a and CpNAC2, whether other interacting TF pairs are also involved in this process still needs to be investigated.
In summary, an EIN3 TF gene CpEIN3a together with a NAC TF gene CpNAC2 were isolated and their possible association with carotenoid biosynthesis during papaya fruit ripening was studied. Expression of CpEIN3a, CpNAC2 and the carotenoid biosynthesis-related genes CpPDS2/4, CpZDS, CpLCY-e and CpCHY-b was increased during fruit ripening, which was well correlated with the elevated content of carotenoids. Molecular assays showed that both CpEIN3a and CpNAC2 exhibited transcriptional activation activity and activated the expression of the carotenoid biosynthesis-related genes studied here. More importantly, CpEIN3a was found to interact physically with CpNAC2 and co-ordinately regulated carotenoid biosynthesisrelated genes during papaya fruit ripening. To the best of our knowledge, this is the first report of regulatory network of an EIN3 TF in the regulation of carotenoid biosynthesis-related genes. Collectively, our findings reveal a novel transcriptional regulation mechanism of EIN3 and NAC TFs associated with carotenoid biosynthesis.
Materials and Methods

Plant materials and treatment
Pre-climacteric papaya (Carica papaya L., cv. Suiyou-2) fruits at color break stage were sourced from a commercial farm in Guangzhou, South China. They were subjected to two post-harvest treatments: natural ripening and propylene-induced ripening, as described previously . After each treatment, fruits were stored at 22 C in two separate incubators until ripening was complete. For each treatment, samples for various analyses were collected based on the rate of peel chromaticity, ethylene production, fruit firmness and total carotenoids during fruit ripening as described by Fu et al. (2016) . All tissue samples were frozen in liquid nitrogen immediately after collection and stored at -80 C for further use. All experiments were performed with three biological replicates.
RNA extraction, gene isolation and sequence analysis
Frozen papaya fruit pulps were ground in the presence of liquid nitrogen using a mortar and pestle. Total RNA was extracted following the hot borate method of Wan and Wilkins (1994) . The elimination of potentially contaminating DNA in the total RNA and synthesis of cDNA were carried out using a HiScript II Q RT SuperMix for qPCR (+gDNA wiper) kit (Vazyme Biotech) according to the manufacturer's instruction, and the first-strand cDNA product was used for PCR amplification. Two EIN3 TF genes, named CpEIN3a and CpEIN3b, were found from Zou et al. (2014) . In addition, a novel NAC TF gene, named CpNAC2, was isolated from the RNA-Seq database for papaya ripening . Sequence alignment and construction of the phylogenetic tree were performed using CLUSTALW (version 1.83), GeneDoc and MEGA5 software.
Quantitative real-time PCR analysis
The cDNA was synthesized using the above-described method, and qRT-PCRs were performed according to Han et al. (2016) . The primers for qRT-PCR analysis are listed in Supplementary Table S1 . CpTBP1 was used as a reference gene to normalize expression of target genes (Zhu et al. 2012) . The relative expression levels were analyzed using the formula 2
ÀÁÁCt (Livak and Schmittgen 2001) .
Three independent biological repeats were utilized in the analysis. The values presented are the mean of three biological replicates.
DNA extraction and promoter isolation
Total genomic DNA was extracted from fresh leaf tissue of papaya using the DNeasy Plant Mini Kit (Qiagen). The promoters of CpZDS, CpLCY-e and CpCHYb were identified from the papaya genome (ftp://ftp.jgipsf.org/pub/compgen/ phytozome/v9.0/Cpapaya), re-cloned by PCR amplification (primers are listed in Supplementary Table S1 ) and sequenced. CpPDS2/4 promoters were derived from Fu et al. (2016) .
Preparation of CpEIN3a and CpNAC2 recombinant proteins and EMSA
As a specifically DNA-binding TF, the DNA-binding domain of EIN3/EILs consists of five a-helices, which showed no sequence similarity to other known DNA-binding domains (Yamasaki et al. 2005) . The crucial DNA-binding domain of CpEIN3a (amino acids 164-291) was identified by amino acid sequence alignment, as shown in Supplementary Fig. S5 . The DNA-binding domain of CpEIN3a (amino acids and the open reading frame (ORF) of CpNAC2 were fused in-frame to a GST tag (primers are shown in Supplementary Table S1 ) and expressed in BM Rosetta (DE3) by induction with 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) for 5 h at 30 C and 1 mM IPTG for 3 h at 37 C, respectively. The recombinant proteins were purified with Glutathione-Superflow resin (Clontech) according to the manufacturer's instructions. The EMSA was performed using the Light shift Chemiluminescent kit (Thermo Fisher Scientific) as described in Han et al. (2016) . The probes containing PERE and NACBS derived from the CpPDS2/4, CpZDS, CpLCY-e and CpCHY-b promoters (Supplementary Table S1 ) were labeled with biotin using a DNA 3 0 End Biotinylation Kit (Thermo Fisher Scientific). The unlabeled probes were used for competition in the assays. A PERE box within a probe changing into GGGGGGGG was used as a mutation in the assay.
Dual-luciferase transient expression assay
A dual-luciferase reporter transient assay was performed in tobacco (N. benthamiana). For transcription activity analysis of CpEIN3a and CpNAC2, the coding sequences of CpEIN3a and CpNAC2 were inserted into the pBD vector driven by 35S promoter as effectors (pBD-CpEIN3a and pBD-CpNAC2), and the double-reporter vector includes a GAL4-LUC and an internal control REN driven by the 35S promoter. For assaying the binding activity of CpEIN3a and CpNAC2 to the promoters of carotenoid biosynthesis-related genes, the promoters were cloned into the pGreenII 0800-LUC double-reporter vector as reporters (Hellens et al. 2005) , while CpEIN3a and CpNAC2 were cloned into the pEAQ vector as effectors (Sainsbury et al. 2009 ). The constructed effector and reporter plasmids were co-transformed into tobacco leaves by Agrobacterium tumefaciens strain GV3101 as described previously . All primers used in this assay are listed in Supplementary Table S1. LUC and REN luciferase activities were measured using the dual luciferase assay kit (Promega). The analysis was performed using the Luminoskan Ascent Microplate Luminometer (Thermo Fisher Scientific) according to the manufacturer's instructions. The results were calculated by the ratio of LUC to REN. At least six repeats were measured for each pair.
Y2H assay
Y2H assays were performed using the Matchmaker Gold Yeast Two-Hybrid System (Clontech). The coding regions of CpNAC1 and CpNAC2 were cloned into pGBKT7 to fuse with the DNA-binding domain, and the coding regions of CpEIN3a and CpEIN3b were cloned into pGADT7 to fuse with the activation domain, respectively, to construct different baits and preys (primers are listed in Supplementary Table S1 ). Different pairs of bait and prey constructs were then co-transformed into yeast strain Gold Y2H using the lithium acetate method. Yeast cells were grown on a SD/-Leu/-Trp for 3 d according to the manufacturer's protocol (Clontech). Transformed colonies were plated onto quadruple dropout minimal medium (SD/-Leu/-Trp/-His/-Ade) containing 4 mg ml -1 X-a-Gal at 30 C. The possible interactions between CpEIN3a/CpEIN3b and CpNAC1/CpNAC2 were evaluated by their growth status and X-a-Gal.
Subcellular localization of CpEIN3a and CpNAC2 proteins
The coding sequences of CpEIN3a and CpNAC2 without the stop codon were amplified by PCR and then subcloned into the pBI221-GFP vector. Primers are listed in Supplementary Table S1 . The fusion constructs and the control GFP vector were introduced into tobacco BY-2 suspension cultured cell protoplasts, using a modified polyethylene glycol (PEG) transfection method as described previously (Shan et al. 2012 ). The GFP fluorescence was monitored using a florescence microscope. At least three independent biological repeats were used in all transient expression assays.
BiFC assay
The full-length coding sequences of CpEIN3a and CpNAC2 without the stop codons were amplified by PCR and then subcloned into the pUC-YNE (Nterminal fragment of YFP) or pUC-YCE (C-terminal fragment of YFP expression) vectors. Expression of target genes alone was used as a negative control. The fusion constructs were used for transient assays by a modified PEG transfection of tobacco BY-2 suspension cultured cell protoplasts as described earlier (Shan et al. 2012 ). The transformed protoplasts were then incubated at 22 C for 1-2 d. YFP fluorescence was monitored using a florescence microscope. The primers used for BiFC assays are listed in Supplementary Table S1 .
Statistical analysis
A completely randomized design was used in the experiment. Each sample time point of both treatments contained three independent biological replicates. Data in figures were plotted with means ± SEs. Least significant difference (LSD) analysis was used to compare significant effects at the 1% and 5% level by SPSS 18.0 software.
Supplementary data
Supplementary data are available at PCP online.
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